I. Introduction HE mixing of nonreacting and reacting fluids is en-
T countered in many practical engineering applications. The simplest example of confined mixing of two fluid streams is that of a turbulent jet issuing into a circular pipe, as shown in Fig. 1 . The primary fluid with a mean velocity U , entrains and mixes with the secondary fluid of mean velocity U2. This flow entails many regimes of interest, i.e., potential cores, boundary-layer development in adverse pressure gradient, regions of similar velocity profiles, possible separation regions, etc. The presence of large-scale structures and their effect on the turbulence transport introduce an additional challenge. The major objective of the present work was to obtain detailed measurements, particularly in the initial mixing region, in order to study the physical phenomena and the existence of organized flow structures. The measurements were then compared with predictions in order to assess a two-equation turbulence model as applied to confined mixing.
The following review of previous work is rather brief. More detailed information can be found in K h~d a d a d i .~ Becker et a1.2 measured mean velocity and concentration, using impact tubes and light-scattering techniques, respectively. They also introduced the Craya-Curtet number as a universal parameter for confined jet systems
where Urn = (Ul -U,) a2 + U2 is the mean velocity in the mixing tube. From a physical point of view, large or small values of Ct correspond to small or large excess inlet momentum, respectively. Becker et a1.2 suggested that the appearance of the recirculation is limited to Ct < O M . Barchilon and Curtet' measured mean velocities, variation of wall static pressure and size of the recirculation zone for water flow, and rms values of the axial velocity fluctuations for airflow. A comprehensive study was carried out by Razinsky and Brighton" using an impact tube and a hot-wire anemometer. They provided details of the structure of confined mixing with no separation and its transition to the fully developed state.
Suzuki et al.ls reported a study of the turbulence structure and heat transfer in confined coaxial jets. They measured mean velocities, rms values of axial velocity fluctuations, and distribution of the Nusselt number. They observed that the maximum intensity of the near-wall turbulence occurred very close to the maximum heat-transfer position, which happened to be within the separation region and not at the reattachment point. Kang and Suzuki' used the SIMPLE16 procedure and the k-t turbulence model of Launder and Spalding14 to predict the extensive data of Razinsky and Brighton." Kang and Suzuki8 later reported heat-transfer predictions of separated flow in the entrance region of the mixing tube. The heat-transfer rate close to the inlet was affected by the prescribed inlet velocity distribution. However, no significant change in the augmented heat-transfer region further downstream was observed. Fairly good agreement was achieved between predicted and measured local Nusselt numbers.
Although both separating and nonseparating flows have been studied, the lack of reliable and detailed velocity measurements, particularly at the inlet plane, has limited the meaningful comparison of numerical predictions to experiments. In addition, definitive conclusions in regard to grid distribution, convergence characteristics, and numerical inaccuracies were not drawn. The present work addresses these deficiencies and provides detailed measurements for model testing.
Computational Details
The present work utilizes the SIMPLE procedure outlined by Patankar.16 The advantages of this scheme over the "vorticity-stream function" formulations are the use of primitive variables, Le., velocity components and pressure, and its easy extension to three-dimensional separating flows.
Time-Averaged Equations and Turbulence Model
be written in the following general form:
The equations governing the present axisymmetric flow may (2) where U and V are the time-averaged velocities in the axial and radial directions, respectively. The variable 4 represents various time-averaged quantities, Le., mean velocities, turbulence kinetic energy, etc. The transport equations and the constants of the k-t turbulence model of Launder and Spalding14 used for the present computations are summarized in Table 1 
The curvature radius is S, was set to zero for F 2 0.18.
streamline curvature on C, in the form 2) Leschziner and Rodi'' incorporated the effects of 3) Hanjalic and Launder 6 recommended the addition of an extra term to the transport equation for E . This term emphasizes the role of irrotational deformations in promoting energy transfer across the spectrum by modifying the production term (e/k)CIG to read At the outlet, the flow was assumed to be fully developed; Le., the axial gradients of all variables were set to zero. The radial velocity and the normal gradient of other variables were set to zero at the symmetry axis. The standard wall function outlined by Launder and SpaldingI4 was used for the next-tothe-wall grid points, while no attempt was made to account for adverse pressure gradients. The inlet conditions will be presented in Sec. IV, along with the numerical results.
A nonuniform grid shown in Fig. 1 was used with finer spacing in the regions of large spatial gradients, Le., the initial mixing region in the tube. Staggered control volumes were used for the axial and radial velocity components. All other quantities of interest were computed at the grid points. The finite-difference forms of the time-averaged equations were obtained by adopting a semi-integral approach to discretize the equations over each control volume of the computational grid. l6 A hybrid difference scheme that combines central and upwind differencing was used. The line-by-line method was employed to obtain converged solutions iteratively. Underrelaxation factors were used to promote stability with values of 0.3, 0.2, 0.8, and 0.8 for U, V, k, and E , respectively. The turbulent viscosity field was underrelaxed with a value of 0.3, whereas no relaxation was applied to the pressure correction field. The iterations were terminated when the sum of the absolute residuals (normalized, e.g., by the inlet mass flow rate, etc.) was less than
To assess the extent of the numerical error, the numerical diffusion coefficient suggested by de Vahl Davis and 
Experimental Details
A schematic diagram of the flow test section is shown in Fig. 2 . A regulated airflow was allowed to develop in a 1-in.
pipe for 48 diam before it reached the primary nozzle with a contraction area ratio of 4:l over a 2-in. distance. The secondary stream was induced by the momentum of the primary jet from the atmosphere through a wooden bellmouth of 7.37 area ratio. Two Plexiglas mixing tubes with 4.25-and 6.5-in.
diam were used. The nozzle wall thickness was kept to a minimum at 0.1 in., and the primary pipe was centered in the tubes with an accuracy of 0.05 in.
The one-channel, dual-beam, forward-scatter laser Doppler anemometer (LDA) that was designed and constructed during the present study is also shown in Fig. 2 . A 15-mW He-Ne laser (Spectra-Physics, 124B) was focused on a diffraction grating (TPD, type R-H) to obtain two first-order beams of equal intensity, which were focused by lenses to form the optical control volume. A light-collecting lens and a photomultiplier (Hamamatsu RllO4) with a 0.2-mm-diam pinhole were used to obtain the Doppler signal. The LDA system was bolted to an X Y milling table, which was placed on a heavy, upright table that allowed vertical adjustments to be made. Seeding particles were produced by a series of silicone oil (Dow 200) atomizers. The beam frequency shift required for backflow measurements was obtained from the frequency difference between the beams when rotating the diffraction grating. The velocity-frequency response of the LDA is given by V = vD -fs) df, where fD is the frequency of the Doppler signal, fs the frequency shift, and df the interference fringe spacing. The frequency shift is calculated fromf, = 2nN, where n is the number of the diffraction grating line pairs and N its rotational speed. The fringe spacing is given by df = X/(2 sine), where X is the beam wavelength and 0 the half-angle of the intersecting beams. The main operating characteristics of the LDA unit are summarized in Table 2. A schematic diagram of the signal processing equipment is also shown in Fig. 2 . The Doppler signal was directed to a frequency tracker (TSI, 1090). The tracker voltage output representing the instantaneous velocity and the amplified Doppler signal were monitored on a digital storage oscilloscope (Gould, 4035). The tracker output was then digitized by a 12-bit A/D converter (IS, AI13), and statistical signal processing was performed on an Apple I1 + , using machine language. The statistical analysis was based on 16,000 samples/ point, requiring less than 1 min of processing time.
The at z / R = 0.05 and 0.06 for the small and large tubes, respectively. Uncertainty estimates were performed following the technique suggested by Kline and McClintock.I2 It was estimated that the maximum uncertainties in the measured values of U and < u 2 > were 2 and 5070, respectively.
IV. Results and Discussion
The turbulence model was tested for developing pipe flow (limiting case of Ct -03) and the nonseparating confined jet flow reported by Razinsky and Brighton.17 The results were in good agreement with experiment and can be found in Khodadadi9 and Khodadadi and Vlachos."
Predictions of Previously Measured Flows
The work of Barchilon and Curtet' was primarily a flow visualization study and was selected for comparison of the overall flow features. The predicted locations of the separation and reattachment points are presented in Fig. 3 . The separation point is predicted well, whereas the reattachment point is observed to move downstream with decreasing Ct. Experimental findings' suggest that the reattachment point should remain fixed at z / R = 6. Further details, e.g., centerline velocity decay and wall pressure distribution, can be found in K h~d a d a d i .~ Table 3 summarizes the computational details for the flow conditions of Suzuki, Ida, and SatoI8 (SIS cases). In the absence of detailed entrance conditions, inlet profiles similar to the work of Kang and Suzuki7 were utilized. Grid independence tests9 were performed which led to the adoption of a 35 x 30 grid for final production runs. The SISxM series of computations were based on a 35 x 30 axially expanding grid.
Another set of predictions (the SISx series) which used a 30 x 30 axially uniform grid similar to that of Kang and Suzuki7 with the radial grid arrangement of SISxM series was also obtained in order to assess the effect of grid spacing.
The impact of the grid can be seen in Fig. 4 , where measured mean axial velocities are compared to the predictions. The solid curves represent the SISxM, and the dashed lines correspond to the SISx series of computations. The SISx overpredict both the experimental data and the SISxM cases along the centerline. The comparison inside the reverse flow region 
Examination of the Turbulence Model Variations
The turbulence model modifications discussed in Sec. I1 were applied only to the flow conditions of Suzuki et al.Is The computational details are similar to the SISxM series and are summarized in Table 3 . The predicted separation and reattachment points for the S x l , Sx2, Sx3, and Sx4 series corresponding to the four model modifications are identified in Fig. 3 , along with those for the SISx and SISxM series. An attempt was made to examine the performance of the four turbulence model modifications against the standard k-E model by comparing the results of the cases in Table 3 to the results of the SISxMseries presented in Figs. 4 and 5. None of these comparisons will be presented here, since no significant deviations in both the mean and fluctuating velocities were observed.
Predictions of Presently Measured Flows
The flow conditions for the present experiments are summarized in Table 4 . For reasons of brevity, selected results are presented, compared, and discussed here. The interested reader is referred to Khodadadi9 for further details. The present experimental results can be viewed as an attractive source for verification of numerical predictions for this class of flows. This is due mainly to the measurement of detailed inlet boundary conditions which have not been obtained by previous investigators. Three of the six cases summarized in Table 4 were selected for comparison purposes with the computational details indicated in Table 4 . The confined jet (CJxx) series of computations is based on the expanding grid used for the SISxM cases. The measured mean velocity profiles at z/R = 0.05 and 0.06 were used as inlet conditions for the CJAx and CJBx series, respectively. The other inlet conditions were k = (3/2)<u2>,
To determine the asymmetry of the measurements, the profiles are presented for the entire diameter of the mixing tube. The solid lines represent the predicted profiles, whereas the circles and squares correspond to the measured values. The mean velocity profiles for the case CJA 2 shown in Fig. 7 are predicted very well at all of the stations except z/R = 4 and 6, which are located in the region where adverse pressure gradient is present. In particular, the profile at the z/R = 4 station resembles a turbulent boundary layer approaching separation. Even though the Ct number is very close to the range where separation could be observed, LDA measurements near the wall between the z/R = 4 and 5 stations did not uncover any reverse flow. The utilization of the "law of the wall," which is based on zero or favorable pressure gradient, might contribute to the mismatchings of the profiles at z/R = 4 and 6. The profiles downstream of the z/R = 4 station all tend to decay toward the wall, and finally, at 16 radii, a plug profile is established and the agreement of the measured and predicted mean velocity profiles is excellent.
At the first station, where the entire diameter of the tube can be accessed for measurements, Le., z/R = 0.05, the rms values in the core of the primary jet and in the secondary stream are of the same order of magnitude as shown in Fig. 8 . The rms profiles predicted by the CJB 1 series are shown in 
Spectra of the Centerline Axial Velocity
Spectral analysis is useful in determining the energy content and scales within a turbulent flowfield. High seeding-particle concentration resulted in an almost continuous signal of the frequency tracker velocity-analog output. The details of the software utilized during this phase of the study were outlined by Laker et aI.,l3 and its application to LDA measurements in a confined round jet was reported by V l a c h~s . '~ Traces of the instantaneous tracker voltage representing the axial velocity as observed on the digital storage oscilloscope are presented in Fig. 13 . All traces were obtained along the Frequency [ H z l 
V. Conclusions
From the previous discussion, the following conclusions may be drawn:
1) The measurements show that the evolution of axial velocities, the separation size, and the near-wall behavior of the rms velocity were in excellent agreement with previous results.
2) The velocity spectra in the initial mixing zone demonstrate the existence of coherent structures. The Strouhal number range of 0.33-0.51 was in excellent agreement with previous work.
3) The limited previous measurements for separating conditions compared well with the present computations. The agreement was excellent for C f >0.7, where streamline curvature effects are minimal, and deteriorates with decreasing Ct number, mostly as a result of numerical diffusion.
4) Four variations of the k-t model accounting for streamline curvature did not result in definitive improvement over the standard model, mainly due to the dominance of numerical diffusion.
5 ) The predictions using the present detailed inlet conditions satisfactorily agreed with measured profiles. The isotropic turbulence model, the numerical diffusion, and the presence of coherent structures are the main causes of disagreement.
